An assay to identify Cryptosporidium DNA in bovine feces has been developed emphasizing standardization of sample preparation and simplification of the DNA recovery process for PCR amplification and DNA hybridization detection. The Cryptosporidium DNA recovery-PCR detection procedure (CR-PCR) can recover DNA suitable for PCR amplification without using or generating hazardous chemicals or wastes. In comparisons with a commercial enzyme-linked immunoassay (Color Vue-Cryptosporidium; Seradyn, Indianapolis, Ind.), the CR-PCR could detect 10 3 to 10 4 times fewer purified oocysts diluted in solution (water or buffered saline) and 10 2 times fewer oocysts from diarrheic feces and showed earlier detectability from solid, nondiarrheic feces in an experimental infection. This assay may prove useful for detecting Cryptosporidium oocysts in feces and in clarifying the role of livestock in waterborne outbreaks of cryptosporidiosis.
The coccidian Cryptosporidium parvum infects the intestinal epithelia of humans and many animals, causing mild, selflimiting disease in immunocompetent individuals. However, severe, life-threatening diarrhea can occur in immunocompromised individuals (4, 6-8, 12, 15, 17, 20, 35) . Environmentally resistant Cryptosporidium oocysts are passed in feces and are acquired by ingestion. Contaminated water is associated increasingly with cryptosporidiosis (7, 28, 37) , even when the water meets treatment standards (25) . This is due to the resistance of the oocysts to routine water treatments and chemical disinfectants and the low dosage required for infection (13, 29) .
Current laboratory protocols for identification of Cryptosporidium oocysts in fecal or environmental specimens include microscopic examination of smears stained with Giemsa stain, the modified Ziehl-Nielson technique, the modified Kinyoun acid-fast technique (10, 18, 41) , or use of immunofluorescence (16, 38, 42) . A reverse passive hemagglutination assay with sensitivity comparable to that of immunofluorescence detection (IFA) has also been described; however, not all oocysts are reactive (14) . The IFA is often utilized for detection (3, 19, 21, 34, 38-40, 44, 46) ; however, the sensitivity of IFA can be influenced by oocyst concentration techniques and extremes in the consistency of the feces (44) or by including a wash process for fecal suspensions prior to staining (46) .
Enzyme immunoassays (EIAs) have also been used for coprodiagnosis of human cryptosporidiosis (1, 3, 38, 40, 43) . However, these assays have limited sensitivity for detecting low-level asymptomatic Cryptosporidium infections or for evaluating dilute environmental samples (3, 31) . Differences in sensitivity, specificity, and positive predictive values among different EIAs may be a consequence of the lack of a concentration step for some (1, 38) . An EIA was reportedly more sensitive than an IFA at very low concentrations (1 to 10 oocysts per liter of water), and the increased sensitivity was attributed to the ability of the former assay to detect antigens from partial or incomplete oocysts (40) .
Difficulties in detecting and enumerating oocysts in fecal specimens are compounded by variation in consistency between individual fecal specimens, the amount of specimen used, and oocyst losses incurred during recovery processes (5, 34, 44) . Similarly, oocyst recovery efficiencies from raw water samples are reported to range from 42.0 to 89.9%, and 5-to 50-fold recovery differences occur between laboratories and within a single laboratory by standardized recovery procedures (2) on spiked water samples with known numbers of oocysts (11, 25, 26, 32) .
The ability of PCR to amplify suspect DNA thousands of times makes it a logical method for detecting Cryptosporidium DNA (19, 23, 24, 45) . In this study, we report a technique to standardize the preparation of bovine feces for Cryptosporidium DNA recovery, PCR amplification, and DNA hybridization detection.
MATERIALS AND METHODS
Collection and production of secondarily purified oocysts. Neonatal calves were infected orally with Ϸ10 8 C. parvum oocysts. To compare and contrast EIA and CR-PCR detection assays, diarrheic feces were collected from a calf (K-14) on days 4 and 7 postinfection and from another calf (K-17) on a daily basis (days 0, 1, 2, 3, 4, 6, and 8 postinfection). Oocyst shedding was estimated by microscopic examination of unstained formalin-fixed samples from the original specimens. The original specimens were then processed as described below. To produce purified oocysts, diarrheic feces were collected and mixed with equal volumes of 2.5% potassium dichromate solution, and the mixtures were stored at 4ЊC. Oocysts were concentrated from fecal material by a series of sedimentation, filtration, and centrifugation steps (22, 36) . Final cleaning of oocysts was by centrifugation of concentrated material on sucrose density gradients, which was followed by washing and storage in phosphate-buffered saline (PBS) at 4ЊC. Gradients were constructed by placing 5 ml of primary cleaned oocysts onto a sucrose cushion (10 ml of 1.064 g of sucrose per liter that overlay 10 ml of 1.103 g of sucrose per liter) and were centrifuged (1,500 ϫ g, 25 min). Oocysts were collected from the resulting interface. Purified oocyst concentrations were enumerated with a hemocytometer.
EIAs. The EIAs were performed with unconcentrated fresh fecal specimens according to the instructions of the manufacturer (Color Vue-Cryptosporidium; Seradyn, Indianapolis, Ind.). Aliquots from the original fecal specimen were diluted 1:5 (Ϸ1 g of feces to 4 ml of diluted wash concentrate), mixed well, and sedimented (Ϸ15 min). A 50-l aliquot of the resulting supernatant was recovered from each sample and placed in a test well. The plates were developed as per the manufacturer's instructions and were read spectrophotometrically. A 450 readings of Ͼ0.25 and Ͻ0.25 were interpreted as positive and negative reactions, respectively.
To assess the sensitivity of the EIA, 10-fold serial dilutions of purified oocysts were made with PBS or water, and 50 l from each dilution was placed in EIA test wells. Similarly, 50 l of diarrheic feces from calf K-14 on day 4 were diluted serially 10-fold in wash concentrate, and 50 l from each dilution was placed in an EIA test well. Aliquots from EIA dilutions were also used in assays to determine the sensitivity of the CR-PCR.
Preparation of feces for recovering C. parvum DNA. The extraction process for oocyst DNA from feces was dependent on the consistency of the specimen. Solid feces (Ϸ1 g or approximately the size of a pea) were diluted 1:5 with Cryptosporidium lysis buffer (CLB) that contained 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.05 M NaOH, 1 mg of proteinase K per ml, and 1 mg of RNase per ml (27) . The mixture was mixed, and 100 l was pipetted to a microcentrifuge tube. If the feces were diarrheic, Ϸ100 l was collected in a microcentrifuge tube and centrifuged (15,000 ϫ g, 5 min); the supernatant was removed by pipetting, and the pellet was resuspended with 100 l of CLB.
Subsequently, DNA from all fecal specimens (solid or diarrheic) was extracted by four cycles of freeze-thawing (liquid nitrogen for 5 min; 75ЊC for 5 min) and then by incubation (75ЊC for 3 h) and centrifugation (15,000 ϫ g for 5 min). Fifty microliters of the supernatant resulting from each sample was collected and placed in PCR Select-III spin columns (5ЈPrime-3ЈPrime, Inc., Boulder, Colo.) and centrifuged (1,100 ϫ g for 2 min) (27) . The resulting eluted solutions were collected for use in PCR or were stored (4ЊC).
To obtain DNA from known numbers of oocysts, Ϸ5 ϫ 10 7 purified oocysts were diluted serially 10-fold in PBS or distilled water, and 20 l from each dilution was mixed with 80 l of CLB. Samples were then subjected to freezethawing, centrifugation, spin column purification, and PCR amplification. Similarly, duplicate 100-l amounts of diarrheic feces from calf K-14 on day 4 postinfection were serially diluted in water prior to beginning the CR-PCR as previously described for diarrheic feces.
PCR amplification. Ten microliters from each spin column was added to a microcentrifuge tube containing the PCR mixture (1ϫ PCR buffer; 2.5 mM MgCl 2 ; 200 mM each the four deoxynucleoside triphosphates dATP, dCTP, dGTP, and dTTP; 2.5 U of Taq DNA polymerase [PCR Core Reagents; PerkinElmer, Foster City, Calif.]; 1 mM each Cryptosporidium-specific primers [primer 1, 5Ј-CCGAGTTTGATCCAAAAAGTTACGAA; primer 2, 5Ј-TAGCTCCTCA TATGCCTTATTGAGTA] [24] ) to make a final volume of 100 l. The PCR amplification was completed in 35 cycles (30 s at 94ЊC; 30 s at 55ЊC; and 45 s at 72ЊC), which were followed by 1 extension cycle (10 min at 72ЊC) on a GeneAmp PCR System 9600 (Perkin-Elmer).
Detection of amplified products. Thirty-microliter aliquots from each PCR amplification were electrophoresed on 1% agarose gels and stained with ethidium bromide. The DNA was transferred onto a nylon membrane (Magna NT; Micron Separation, Inc., Westboro, Mass.) and linked to the membrane by UV cross-linking according to the instructions of the manufacturer (GS Gene Linker UV Chamber; Bio-Rad, Hercules, Calif.). Membranes were washed once with 2ϫ standard saline citrate (SSC)-0.1% SDS at 46ЊC for 10 min. The membrane was prehybridized (46ЊC, overnight) in hybridization solution (5ϫ SSC, 10% sodium dextran sulfate, 0.25ϫ PBS, 0.1% SDS, 100 mg of salmon sperm DNA per ml). Briefly, 100 ng of probe DNA was mixed with 4 l of 5ϫ reaction buffer, 4 l of CoCl 2 solution, 1 l of DIG-dUTP, and 1 l of terminal transferase in a total volume of 20 l, and the mixture was incubated (37ЊC, 20 min). One microliter of glycogen solution and 1 l of 0.2 M EDTA solution were added to the mixture, which was boiled (5 min). The DIG-labeled probe was then added to the hybridization solution, and the solution was incubated with the membrane (46ЊC, 20 h). Following hybridization, the membranes were washed six times (2ϫ SSC, 0.1% SDS at 42ЊC for 10 min each time) and blocked (0.2% I-BLOCK; TROPIX, Bedford, Mass.) in PBS (37ЊC, 1 h) . The anti-DIG antibody (␣-DIG-AP-Fab fragments; Boehringer Mannheim) was added (1:7,500) and incubated with the membranes (37ЊC, 1 h) . The membranes were washed four times with PBSTween 20 and twice with substrate assay buffer (0.1 M diethanolamine, 1 mM MgCl 2 ), each for 5 min at 37ЊC. One milliliter of substrate solution (1:200 AMPPD; TROPIX) was spread evenly over the membranes, which were placed in a plastic bag and exposed to X-ray film.
RESULTS

Sensitivity of CR-PCR and EIA to detect purified oocysts in solution.
The Color Vue-Cryptosporidium EIA demonstrated positive reactions, indicating the presence of Cryptosporidium antigens, for Ͼ5.0 ϫ 10 3 oocysts per l (Fig. 1A) . At dilutions containing an estimated 2.5 ϫ 10 4 purified oocysts per EIA reaction mixture, the average A 450 readings were Ͻ0.25 (n ϭ 5; mean, 0.2445; standard deviation, Ϯ 0.1495) (Fig. 1A) . The CR-PCR detected the presence of purified Cryptosporidium oocyst DNA when Ն50 oocysts per ml (equivalent to Ͼ0.1 oocysts per PCR) were present (Fig. 1B) ; however, more consistent positive results were evident when Ͼ5.0 ϫ 10 2 to 5.0 ϫ 10 3 oocysts per ml (equivalent to 1 to 10 oocysts per PCR) were present (Fig. 1B) . The CR-PCR used 10 l or Ϸ1/5 of the total eluted sample volume from each spin column. In direct comparisons, we estimate that the CR-PCR detection procedure demonstrated a sensitivity for detecting purified oocysts in fluids such as water or PBS that was 10 3 to 10 4 times greater than that of the Color Vue-Cryptosporidium EIA.
Sensitivity of EIA and CR-PCR to detect Cryptosporidium oocysts in serially diluted diarrheic calf feces. Diarrheic feces collected from calf K-14 on days 4 and 7 postinfection were positive when assayed by EIA (Fig. 1A and 2B ). Day 7 feces from calf K-14 contained Ͼ10 6 oocysts per ml of feces as determined by microscopic examination of diluted formalinfixed feces. Tenfold serial dilutions of these fecal specimens resulted in positive EIA readings for all dilutions Յ1:100 (Fig.  2B) . The same dilutions assayed by CR-PCR had positive hybridization signals at dilutions of Յ1:10,000 ( Fig. 2A) , indicating at least a 100-fold difference in detection sensitivity between the two assays.
Monitoring Cryptosporidium infections by EIA and CR-PCR. The experimental infection of calf K-17 resulted in clinical signs of diarrhea by day 3 postinfection and continued through the last test date (day 8). The Color Vue-Cryptosporidium EIA detected Cryptosporidium antigens on day 2 postinfection (Fig.  3A) . The highest A 450 readings coincided with the development of diarrhea on day 3 and continued through the remainder of the experiment (Fig. 3A) . Multiple CR-PCR experiments of the same fecal samples indicated that Cryptosporidium DNA was present in the feces prior to experimental infection with purified oocysts (Fig. 3B) . A faint positive hybridization signal was also evident on day 1 postinfection and was followed by increasingly intense hybridization signals on subsequent sampling dates. The increased intensity of the signals coincided with the development of diarrhea (Fig. 3B) .
DISCUSSION
Specific primers have been used to detect Cryptosporidium DNA from purified oocysts and paraffin-embedded tissues (23, 24) . However, extensive DNA extraction procedures that utilize hazardous reagents and problems with false-negative results have limited Cryptosporidium PCR applications for diagnostic or environmental samples (19) . The present report describes a simplified DNA extraction procedure that allows recovery from bovine feces of Cryptosporidium DNA that is suitable for PCR amplification and DNA probe detection. The addition of spin columns to segregate total recovered DNA, including Cryptosporidium genomic DNA, from PCR inhibitory substances eliminates the need for phenol or chloroform and greatly simplifies the extraction process. The procedure is also efficient, because one technical person can process Ϸ40 fecal samples for PCR amplification in 4 to 5 h.
Important observations resulting from this study include the following. for PCR amplification from feces without using or generating hazardous components. The recovery and detection of Cryptosporidium oocysts from naturally infected cattle are not generally difficult because of the large numbers of oocysts shed in diarrheic feces (Ϸ10 8 to 10 10 oocysts per day over a period of 1 to 2 weeks) (9, 30). However, more-sensitive and specific methods are needed to rapidly and accurately detect small numbers of oocysts in asymptomatic infections and in dilute environmental samples, such as water and soil.
The CR-PCR detected Cryptosporidium DNA in solid, nondiarrheic feces similar to those expected with asymptomatic infections. The procedure detected Cryptosporidium DNA in the feces of a calf both prior and subsequent to experimental infection, whereas the EIA was first positive on day 2 postinfection (1 day prior to the onset of diarrhea). We have subsequently observed similar positive PCR results from feces of asymptomatic neonatal calves that were negative by direct microscopic examination of formalin-fixed feces (33) . Preexposure results that are positive may be due to low-level contamination of the environment. Additional research will be required to clarify these results and to explore the use of PCR detection for asymptomatic bovine cryptosporidiosis.
Direct comparisons of CR-PCR and IFA were not conducted. Previous studies comparing and contrasting the sensitivities of various methods detecting Cryptosporidium oocysts in feces generally agree that IFA is more sensitive than other staining protocols for conventional microscopic evaluations (16, 17, 31, 44) and that EIA is comparable to IFA for evaluating diarrheic feces (21, 31, 38) . Our sensitivity results with the Color Vue-Cryptosporidium EIA are consistent with previous studies that demonstrated its reliability for coprodiagnosis of cryptosporidiosis when the feces were diarrheic and contained Ͼ10 3 to 10 4 oocysts per ml (1). The ability to detect Cryptosporidium DNA in feces or water will be increasingly important for preventing waterborne outbreaks of cryptosporidiosis and in defining the effect livestock production and management practices have on water quality. Although no DNA recovery process has yet been demonstrated to be applicable for all environmental samples, CR-PCR has the potential for use in detecting Cryptosporidium DNA from a wide variety of samples.
